2 8 9 SMARCB1 (also known as SNF5, INI1, and BAF47), a core subunit of the SWI/SNF (BAF) chromatin-remodeling complex 1,2 , is inactivated in nearly all pediatric rhabdoid tumors 3-5 . These aggressive cancers are among the most genomically stable 6-8 , suggesting an epigenetic mechanism by which SMARCB1 loss drives transformation. Here we show that, despite having indistinguishable mutational landscapes, human rhabdoid tumors exhibit distinct enhancer H3K27ac signatures, which identify remnants of differentiation programs. We show that SMARCB1 is required for the integrity of SWI/SNF complexes and that its loss alters enhancer targeting-markedly impairing SWI/SNF binding to typical enhancers, particularly those required for differentiation, while maintaining SWI/SNF binding at super-enhancers. We show that these retained super-enhancers are essential for rhabdoid tumor survival, including some that are shared by all subtypes, such as SPRY1, and other lineage-specific super-enhancers, such as SOX2 in brain-derived rhabdoid tumors. Taken together, our findings identify a new chromatinbased epigenetic mechanism underlying the tumor-suppressive activity of SMARCB1.
Loss of SMARCB1 (also known as SNF5, INI1, and BAF47) is the sole driving genetic event that characterizes rhabdoid tumors, which arise in the brain, kidney, and soft tissues 5 . Given the highly malignant behavior of these tumors, in spite of their remarkably simple genomes, we sought to understand how a mutated chromatin regulator might deregulate transcription to drive oncogenesis. We began by characterizing the chromatin landscape of rhabdoid tumors by examining histone modifications in 12 tissue samples and three cell lines derived from rhabdoid tumors of different tissues (Supplementary Fig. 1a ). Most of these had been exome sequenced and are characterized by very low mutation rates and a high degree of purity 6 . Using ChIP-seq, we profiled genome-wide enrichment of three key histone modifications (trimethylation of histone H3 at lysine 4 (H3K4me3), monomethylation of histone H3 at lysine 4 (H3K4me1), and acetylation of histone H3 at lysine 27 (H3K27ac)) to define cis-regulatory promoter and enhancer elements 9 . We identified putative active promoters as transcription start site (TSS)-proximal loci containing H3K27ac and H3K4me3 signal and putative enhancers as TSS-distal loci (>2 kb away from active TSSs) containing H3K27ac but not H3K4me3 signal.
In Figure 1a -c, we show the Pearson correlation coefficients for the three histone marks among primary tumors, three rhabdoid cell lines, and normal tissues (adult brain, kidney, and other tissues from the NIH Roadmap Epigenomics Project 10, 11 ). In comparison to H3K4me3 levels at promoters, H3K4me1 levels at enhancers showed more variability, although tumors, whether primary or cell lines, showed higher within-group correlation than normal tissues (Fig. 1a,b and Supplementary Fig. 1b,c) . Notably, evaluation of H3K27ac levels at enhancers identified distinct profiles for each tumor ( Fig. 1c and Supplementary Fig. 1d) , although there was moderate correlation among some brain-derived samples and among some kidney-derived samples. The presence of subpopulations among brain or kidney rhabdoid tumors is consistent with recent findings based on gene expression and DNA methylation 12, 13 . This suggests that, despite their genomes having low mutation rates, rhabdoid tumors contain substantial variation within the chromatin landscape at enhancers.
Given the much greater variation at enhancers relative to promoters, we focused on enhancers and sought to identify potential enhancer target genes and pathways specific to each subpopulation. SMARCB1-mediated SWI/SNF complex function is essential for enhancer regulation l e t t e r s k-means clustering based on H3K27ac signal at enhancer peaks identified clusters characteristic of rhabdoid tumors from each of the different tissues of origin, as well as a cluster of shared enhancers (Fig. 1d) . To analyze the potential role of these enhancer clusters, each enhancer was assigned to the nearest TSS within the same conserved CTCF regulatory boundaries 14 . Gene Ontology (GO) analysis performed on the different clusters showed that brain-derived rhabdoid tumors were enriched for active enhancers near neurogenesis-related genes ( Fig. 1e and Supplementary Table 1 ), whereas kidney-derived rhabdoid tumors were enriched for terms such as wound healing-a proliferative process thought to involve mesenchymal stem cells 15 . A few enhancers were shared by all samples and were enriched for genes associated with developmental processes. Collectively, these findings demonstrate that many enhancers found in rhabdoid tumors are associated with development and that lineage-specific enhancers are present in rhabdoid tumors from different tissues.
Super-enhancers-large clusters of enhancers with high cumulative H3K27ac levels 16, 17 -have recently been implicated as controlling genes central to maintaining cell identity and, in cancer, genes underlying the malignant state 16, 17 . Using H3K27ac signal to identify superenhancers, we found a mean of 565 super-enhancers (s.d. = 123) per primary sample and associated these super-enhancers with genes using the same method as above. We found that super-enhancers specific to brain-derived tumors were near key regulators of neural development, such as SOX2 (ref. 18) , FZD1 and FZD3 (ref. 19) , and others ( Fig. 1f and Supplementary Table 2 ). Kidney-derived tumors contained fewer super-enhancers that were specific to the kidneyderived samples but included a super-enhancer proximal to TBX2, a regulator of development of the kidney and other organs 20 . As with all enhancers, these super-enhancers suggest that the persisting shadow of lineage specificity can still be found.
Because the greatest differences seen in the primary tissues were at putative enhancers, we next evaluated whether the loss of SMARCB1 directly contributes to these different TSS-distal H3K27ac signatures. As we previously demonstrated the dependence of rhabdoid tumors on SMARCA4 (BRG1) 21 , suggesting the existence of an essential 
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Anatomical structure development (f) Super-enhancer-associated genes common across and specific to brain or kidney rhabdoid tumors. The symbols for genes putatively involved in the developmental processes of these respective tissues are bolded and in color. l e t t e r s residual SWI/SNF complex despite the absence of SMARCB1, we sought to evaluate the function of this residual complex on the chromatin landscape. To do so, we established a doxycycline-inducible SMARCB1 expression system. We first evaluated the contribution of SMARCB1 in forming the SWI/ SNF complex. In both the G401 (kidney) and BT16 (brain) rhabdoid cell lines, SMARCB1 re-expression resulted in drastically increased protein levels for numerous SWI/SNF subunits, particularly the tumor suppressor subunits ARID1A and ARID1B, as well as a marked increase in subunit incorporation into SWI/SNF complexes, as shown by immunoprecipitation of SMARCC1 (BAF155), SMARCA4, and ARID1A ( Fig. 2a,b ). There was no change in the mRNA levels of these subunits showing an increased number of peptides from SWI/SNF complex subunits recovered by immunoprecipitation of SMARCA4 and SMARCC1 in G401 cells after SMARCB1 re-expression (doxycycline versus no doxycycline). (e) Glycerol (10-30%) sedimentation assay in which the SWI/SNF complex (~2 MDa) was sedimented from SMARCB1-deficient G401 cells without (top) or with (bottom) doxycycline followed by immunoblotting for the indicated SWI/SNF complex subunits. BMI1 is a PRC1 complex subunit serving as a control. (f) Immunoprecipitation of the SWI/SNF complex by SMARCC1 or SMARCA4 from the nuclear extracts of wild-type or Smarcb1-deficient MEFs followed by immunoblotting for the indicated SWI/SNF complex subunits. Smarcb1 deletion is induced by Cre expression in MEFs. Full blots are provided as supplementary Data. l e t t e r s and treatment with MG132 (a proteasome inhibitor) increased the protein levels of some subunits, indicating that the observed changes are the result of post-translational regulation ( Fig. 2c and Supplementary  Fig. 2a,b) . Similar effects were also observed in the TM87 and A204 soft-tissue-derived rhabdoid cell lines ( Supplementary Fig. 2c,d) .
In contrast, induction of exogenous SMARCB1 expression in the control ES2 ovarian cancer cell line with wild-type SMARCB1 had no effect ( Supplementary Fig. 2e ). Furthermore, immunoprecipitation of SMARCC1 or SMARCA4 followed by mass spectrometry showed that re-expression of SMARCB1 resulted in considerably more peptides corresponding to SWI/SNF subunits ( Fig. 2d, Supplementary  Fig. 2f , and Supplementary Table 3 ). To directly evaluate the effect of SMARCB1 re-expression on SWI/SNF complex integrity, we next performed a glycerol sedimentation assay in G401 and BT16 cells. An intact residual SWI/SNF complex was only faintly detectable before re-expression of SMARCB1 ( Fig. 2e and Supplementary Fig. 2g ). However, upon re-expression of SMARCB1, we observed markedly increased levels of SWI/SNF complex. Conversely, to evaluate the effect of SMARCB1 loss in normal cells, we used Smarcb1 fl/fl mouse embryonic fibroblasts (MEFs) 22 . Smarcb1 deletion resulted in substantially reduced protein levels for several SWI/SNF subunits, including ARID1A and ARID1B, and reduced subunit incorporation into the complex without concomitant changes in mRNA levels ( Fig. 2f and Supplementary Fig. 2h ). These biochemical studies demonstrate that l e t t e r s SMARCB1 is essential for SWI/SNF complex stability, particularly for ARID1A, the most frequently mutated SWI/SNF subunit in cancer. We next investigated how this alteration in SWI/SNF complex composition and abundance affects complex targeting and binding. We performed ChIP-seq analysis of the core SWI/SNF subunits SMARCA4 and SMARCC1 in the G401, BT16, and TTC549 rhabdoid lines for which we had also profiled histone marks ( Supplementary Fig. 1a ), before and after induction of SMARCB1 expression. SMARCB1 expression led to a substantial increase in occupancy by SMARCA4 and SMARCC1, which were themselves highly correlated, with many more binding sites gained than lost (Fig. 3a,b and Supplementary Figs. 3a-c, 4a,b, and 5a, l e t t e r s has been established 23 , we observed that the majority of SWI/SNF binding instead occurred at TSS-distal enhancers marked with H3K4me1 and/or H3K27ac ( Fig. 3a and Supplementary Figs. 4a and 5a) , consistent with recent reports showing SMARCA4 binding to enhancers [24] [25] [26] . As was the case in the absence of SMARCB1, the majority of SWI/SNF targeting was gained at TSS-distal sites (Fig. 3a,b) . Thus, with or without SMARCB1, the SWI/SNF complex is predominantly targeted to TSS-distal sites, with the number of sites markedly increased in the presence of SMARCB1.
To investigate a link between SMARCB1 and enhancer regulation, we categorized TSS-distal SWI/SNF targets on the basis of their sensitivity to SMARCB1 re-expression, defining them as sites that were lost (>1.5-fold reduction), gained (>1.5-fold gain), or unchanged. At sites that were gained, we observed increased enhancer-associated H3K27ac and H3K4me1 signal flanking the peak SWI/SNF binding position (Fig. 3c,d and Supplementary Figs. 4c,d and 5c,d) .
Conversely, the few sites that were lost showed a decrease in H3K27ac levels. These findings identify SWI/SNF as being preferentially active at enhancers and establish a direct role for SMARCB1 in generating the active chromatin landscape at enhancers.
To investigate the biological relevance of SMARCB1 to enhancer function, we performed RNA-seq analysis on six rhabdoid tumor cell lines, including those described above, before and after SMARCB1 reexpression. There were many more genes upregulated (between 303 and 564 coding genes with >2-fold increase across the six cell lines) than downregulated (between 17 and 86 coding genes with >2-fold decrease across the six cell lines) ( Supplementary Fig. 6) , and the changes correlated with nearby TSS-distal SWI/SNF binding and enhancer changes ( Fig. 3e and Supplementary Figs. 4e and 5e) . In contrast to a previous report that SMARCB1 is dispensable for the control of a handful of genes with SMARCA4-dependent expression 27 , our results demonstrate that SMARCB1 loss affects a large majority of SWI/SNF-regulated genes. To gain insight into the effects of SMARCB1-mediated enhancer induction, we performed GO enrichment analysis for genes near enhancers with increased SWI/SNF binding upon SMARCB1 re-expression, relative to all enhancer-proximal genes (Online Methods). For all three cell types, the identified GO terms were particularly associated with development and differentiation. Cell-type-specific GO terms were also observed, such as morphogenesis of branching epithelium in kidney-derived G401 rhabdoid cells and neuron differentiation in brain-derived BT16 rhabdoid cells ( Fig. 3f, Supplementary Figs. 4f and 5f, and Supplementary Table 4 ). Consistent with a shared mechanistic basis among the different tissue types, however, both GO analysis and gene set enrichment analysis (GSEA) of differentially expressed genes across all the cell lines identified commonly shared terms, including developmental process, cell differentiation, and SMARCE1 targets (Supplementary Figs. 6 and 7) . Collectively, these findings demonstrate that SMARCB1 re-expression results in increased SWI/SNF complex enrichment at enhancers, particularly those related to development and differentiation, in gained chromatin marks reflective of an active state, and in upregulated expression of genes associated with tissue-specific differentiation.
Having identified a role for SMARCB1 in the control of enhancer formation and function, we next asked whether SMARCB1 contributes to super-enhancer formation and function. Because of the distinct structure of super-enhancers, the concentration of constituent proteins required to maintain their integrity has been shown to differ substantially from that required to maintain the integrity of regular enhancers 28 . Unlike the effect upon typical enhancers, we did not observe appreciable changes in the number or position of superenhancers upon SMARCB1 re-expression ( Supplementary Fig. 8a-c) . Even without SMARCB1, the SWI/SNF complex was already bound at super-enhancers (Fig. 4a-c and Supplementary Fig. 9a,b) . SMARCB1 re-expression facilitated only a modest increase in SWI/SNF binding at super-enhancers, and this increased binding had no effect on the levels of H3K27ac or H3K4me1 (Fig. 4a,b and Supplementary  Fig. 9a-d) . This observation suggests that SMARCB1 has different functions at regular enhancers in comparison to super-enhancers-it serves a role in the activation of differentiation-related regular enhancers but is largely dispensable for super-enhancers (Fig. 4b,c) . We confirmed binding of the residual complex at super-enhancers by performing ChIP-qPCR (Supplementary Fig. 10 ) and found that further reduction of SWI/SNF levels via knockdown of either SMARCC1 or SMARCD1 resulted in reduced residual complex binding at the superenhancer accompanied by reduced gene expression ( Supplementary  Fig. 10) . The preferential targeting of the residual complex to superenhancers may be due to a higher density of transcriptional co-regulators at super-enhancers, resulting in higher affinity for and greater stability of the SWI/SNF complex, in comparison to typical enhancers.
Given that the mutational burden is similarly low among rhabdoid tumors from different tissues, we reasoned that super-enhancers shared by rhabdoid tumors from different organs might be associated with genes essential for tumor cell survival. To define this set of shared super-enhancers, we identified those that (i) overlapped with the most commonly shared enhancers found in the bottommost cluster of Figure 1d , (ii) were identified in all three rhabdoid tumor cell lines, and (iii) were not found in normal tissues. Among the ten superenhancers meeting these criteria were ones proximal to SPRY1, SALL4, and HMGA2 (Supplementary Fig. 11a-c) . Interestingly, HMGA2 has previously been implicated in rhabdoid tumor proliferation 29 . We found that SALL4 and SPRY1 are also essential for rhabdoid tumor proliferation, as short hairpin RNA (shRNA)-mediated knockdown of either of these genes significantly impaired the proliferation of all three cell lines tested ( Fig. 4d-f ). Meanwhile, as mentioned above, we found that the SOX2-associated super-enhancer was specific to brain rhabdoid tumors (Supplementary Fig. 11d ), suggesting that tissue-specific super-enhancers could also be essential for the survival of cancer cells. Consistent with this notion, shRNA-mediated knockdown of SOX2 specifically impaired the proliferation of BT16 cells but had no effect on G401 cells (Fig. 4f,g) . Figure 5 Working model. SMARCB1 functions to stabilize the SWI/SNF complex, thus enabling it to bind and facilitate enhancer formation and function. Loss of SMARCB1 results in markedly reduced levels of the SWI/SNF complex, which results in reduced genome-wide targeting at regular enhancers, thus impairing their functions. However, the small amount of residual SWI/SNF complex preferentially present at super-enhancers is key to maintaining aberrant cell identity.
l e t t e r s
Taken together, our findings present a mechanistic framework for the function of SMARCB1 in the control of cell identity and the mechanism by which mutation of this core SWI/SNF subunit drives cancer formation ( Fig. 5) : SMARCB1 functions to stabilize the SWI/ SNF complex, enabling it to bind and facilitate enhancer formation and function. SMARCB1 loss results in a marked reduction in the amount of SWI/SNF complexes, decreasing their levels such that they are unable to maintain normal enhancer function. The small amount of residual SWI/SNF complex that remains is preferentially bound to super-enhancers. It is notable that, whereas activation of regular enhancers is essential for differentiation, super-enhancers have been implicated in the maintenance of current cell identity. It is of further note that, despite the extremely rapid onset of cancer caused by Smarcb1 inactivation in mice, only extremely specific cell types are susceptible to transformation 30 , whereas the vast majority of cell types undergo arrest following SMARCB1 loss. Similarly, the spectrum of cancers associated with SMARCB1 loss in humans is quite specific. These findings collectively suggest a model in which loss of SMARCB1 impairs the function of enhancers that are required for differentiation, whereas super-enhancers that underlie the current cell state are largely unaffected. In specific proliferative progenitor cell types, then, the consequence of reduced enhancer function with super-enhancer preservation may be to drive oncogenic transformation by locking cells into a poorly differentiated and highly proliferative state. Collectively, our work provides key insights into the mechanisms by which SWI/ SNF subunit mutations cause cancer through impairment of enhancer function and supports super-enhancer-specified genes as essential in these cancers, thus identifying potential therapeutic targets.
MeTHodS
Methods, including statements of data availability and any associated accession codes and references, are available in the online version of the paper.
Accession codes. All sequencing data have been submitted to the Gene Expression Omnibus (GEO) under accession GSE71506.
Note: Any Supplementary Information and Source Data files are available in the online version of the paper.
oNLINe MeTHodS
Human primary tumor samples. Primary human tumor samples were collected and flash frozen. Tumors were reviewed to confirm the diagnosis and to estimate tumor content (Children's Hospital of Philadelphia and Boston Children's Hospital). All tumors have previously been exome sequenced 5 . Patients' guardians provided informed consent before their participation. Local institutional review boards (Children's Hospital of Philadelphia and Boston Children's Hospital) approved the collection and testing of each sample. Tissue was mechanically macerated while frozen and suspended in PBS with protease inhibitor.
Cell culture. The G401, G402, A204, and ES-2 cell lines were purchased from the American Type Culture Collection. BT12, BT16, TM87-16, and TTC549 cells were maintained in the laboratory. All cells have been tested negative for mycoplasma contamination. G401 and BT16 cells were cultured in DMEM with 10% FBS, G402, TM87-16, and ES-2 cells were cultured in McCoy's with 10% FBS, TTC549 cells were cultured in RPMI with 10% FBS, and BT12 cells were cultured in Opti-MEM (Life Technologies) with 5% FBS, at 37 °C with 5% CO 2 . MEFs were generated as described previously 31 . To establish stable cell lines with inducible re-expression of SMARCB1, cells were transduced with lentivirus pInducer-21-SMARCB1. At 72 h after transduction, GFP-positive cells were sorted and maintained in medium with Tet-System Approved FBS (Clontech, 631106). To induce SMARCB1 re-expression, cells were treated with doxycycline (1 µg/ml; EMD Millipore) for the indicated time. For shRNA-mediated knockdown, cells were transduced with lentiviral shRNAs and selected with puromycin for 72 h before seeding for MTT or colony formation assays. MTT assays were conducted with an MTT Cell Proliferation kit (Roche Diagnostics, 11465007001). Colony formation assays were conducted by staining cells for 20 min with crystal violet staining solution (0.05% crystal violet, 1% formaldehyde, 1% PBS, and 1% methanol).
shRNAs to SALL4 (TRCN0000433893, TRCN0000419286, and TRCN0000021874) and SPRY1 (TRCN0000344734, TRCN0000369465, and TRCN0000344733) were obtained from the RNA interference (RNAi) screening core facility at the Dana-Farber Cancer Institute and shRNAs to SOX2 were purchased from GE Healthcare (V2LHS_153337, V3LHS_404430, and V3LHS_404432). shRNA constructs were lentivirally transduced into G401, TTC549, and BT16 cells. Non-silencing control shRNA was in the pLKO.1 lentiviral expression vector backbone 31 .
Coimmunoprecipitation and mass spectrometry. Nuclear extracts for coimmunoprecipitation were prepared using the NE-PER Nuclear and Cytoplasmic Extraction kit (Thermo Scientific, 78835). Nuclear extracts were diluted with RIPA buffer (150 mM NaCl, 50 mM Tris-HCl pH 7.5, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, and 1 mM DTT) to a final concentration of 1 mg/ml (with protease inhibitor cocktail, Roche). Each immunoprecipitation was incubated with antibody overnight at 4 °C. Protein G Dynabeads (Life Technologies, 10009D) were added, and samples were incubated at 4 °C for 3 h. Beads were then washed three times with RIPA buffer and resuspended in reducing SDS gel loading buffer. Antibodies to the following proteins were used in the immunoprecipitation and immunoblots: SMARCC1 (BAF155; Santa Cruz Biotechnology, sc-9746, 1:1,000 dilution), ARID1A (Santa Cruz Biotechnology, sc-32761 for immunoprecipitation, 2 µg/mg lysate; Cell Signaling Technology, 12354 for immunoblotting, 1:1,000 dilution), ARID1B (Abcam, ab54761, 1:1,000 dilution), SMARCA4 (BRG1; Santa Cruz Biotechnology, sc-17796, 1:300 dilution), SMARCC2 (BAF170; Bethyl Laboratories, A301-039A, 1:1,000 dilution), SMARCD1 (BAF60A; Bethyl Laboratories, A301-595A, 1:3,000 dilution), SMARCE1 (BAF57; Bethyl Laboratories, A300-810A, 1:3,000 dilution), SMARCB1 (SNF5; Bethyl Laboratories, A301-087A, 1:5,000 dilution), ACTL6A (BAF53A; Bethyl Laboratories, A301-391A, 1:3,000 dilution), and actin (Cell Signaling Technology, 5125, 1:1,000 dilution).
For mass spectrometry, equal amounts of nuclear extract were used for each immunoprecipitation. Samples after immunoprecipitation were separated on a NUPAGE 12% Bis-Tris gel and stained with SimplyBlue SafeStain (Life Technologies). For each immunoprecipitation sample, the whole lane was cut and sent for protein identification at the Taplin Mass Spectrometry Facility of Harvard Medical School.
Glycerol sedimentation assays. Nuclear fractions for sedimentation assays were prepared according to previous literature 32 . Briefly, cells were collected at the indicated time points and then lysed and homogenized in Buffer A (10 mM HEPES pH 7.6, 25 mM KCl, 1 mM EDTA, 10% glycerol, 1 mM DTT, and protease inhibitors (Complete tablets, Roche) supplemented with 1 mM PMSF) on ice. Nuclei were sedimented by centrifugation (1,000g for 10 min), resuspended in Buffer B (10 mM HEPES pH 7.6, 3 mM MgCl 2 , 100 mM KCl, 0.1 mM EDTA, 10% glycerol, 1 mM DTT, and protease inhibitors) and further lysed by the addition of ammonium sulfate to a final concentration of 0.3 M. Soluble nuclear proteins were separated from the insoluble chromatin fraction by ultracentrifugation (100,000g for 20 min) and precipitated with 0.3 mg/ml ammonium sulfate for 20 min on ice. Protein precipitate was isolated by ultracentrifugation (100,000g for 30 min) and resuspended in Buffer A without glycerol. Then, 1 mg of nuclear extract was carefully overlaid onto a 12-ml 10-30% glycerol gradient (in RIPA buffer) prepared in a 14-ml 14 × 95 mm polyallomer centrifuge tube (Beckman Coulter, 331374). Tubes were placed in an SW-40 Ti swing-bucket rotor and centrifuged at 4 °C for 16 h at 40,000 r.p.m. Fractions (0.5 ml) were collected and used in gel electrophoresis and subsequent immunoblotting analyses. Immunoblots of complex subunits were developed on the same film with the same exposure times for the no-doxycycline and doxycycline samples for proper comparison.
ChIP-seq and RNA-seq. Primary tissue was singly cross-linked using 1% formaldehyde for 10 min, and cross-linking was quenched with 2.5 M glycine for 5 min. Dual cross-linking was used for ChIP-seq analysis of SWI/SNF complex subunits in cancer cell lines. Briefly, cells were first cross-linked in 2 mM disuccinimidyl glutarate (DSG; Life Technologies, 20593) for 30 min and then cross-linked in 1% formaldehyde for 10 min, with reactions quenched with glycine for 5 min. Cells were washed with PBS three times and then used to generate nuclear extract. Chromatin was fragmented using sonication (Branson sonifier with microtip) for primary tissues or the adaptive focused acoustics (AFA) technology developed by Covaris for cell lines. Solubilized chromatin was immunoprecipitated with antibodies against SMARCA4 (BRG1; Abcam, ab110641, 10 µl), SMARCC1 (BAF155; Santa Cruz Biotechnology, sc-9746, 10 µg), H3K4me1 (Abcam, ab8895, 5 µg), H3K4me3 (Millipore, 07-473, 5 µl), and H3K27ac (Cell Signaling Technology, 8173, 5 µl). Antibody-chromatin complexes were pulled down with Protein G Dynabeads (Life Technologies), washed, and then eluted. After cross-linking reversal and treatment with RNase A and proteinase K, ChIP DNA was extracted with the MinElute PCR purification kit (Qiagen). ChIP DNA was quantified with the Quant-it PicoGreen dsDNA Assay kit (Life Technologies). 10 ng of ChIP DNA per sample was used to prepare sequencing libraries, and ChIP DNA and input controls were sequenced with the Illumina HiSeq Genome Analyzer.
For RNA-seq, total RNA was extracted using TRIzol Reagent (Invitrogen) and further purified using the RNeasy MinElute Cleanup kit (Qiagen). 2 µg of total RNA was used to generate each RNA-seq library using the TruSeq Total RNA Sample Prep kit (Illumina), and libraries were sequenced with the Illumina HiSeq Genome Analyzer.
ChIP-seq processing. Alignment, fragment size estimation, and library complexity. Sequenced reads were aligned to the hg19 genome assembly using Bowtie 0.12.6 (ref. 33) , allowing up to ten matches ('-m 10--best' options). Reads on the 24 assembled chromosomes excluding the ENCODE blacklisted regions were kept for downstream analysis. Peaks of cross-correlation profiles were identified to estimate the typical fragment size for each sample. The typical fragment size for the different samples ranged from 140-180 bp. Each read was considered to represent a signal at half the typical fragment size from the 5′ end. Library complexity was calculated for each sample as the number of unique base-pair positions mapped on each strand divided by the number of reads. For batches of experiments where the typical library complexity was below 80% (RT172, RT230, RT307, RT308, and RT407), only one read mapping to each position was kept.
Identification of regions of enrichment. Regions of enrichment (RoEs) of H3K27ac, SMARCC1, and SMARCA4 in ChIP-seq were called using the SPP package 34 in R, with the function get.broad.enrichment.clusters and options window.size = 500 and z.thr = 4, using matching input data for each sample. For H3K4me3 tracks that showed a clearer signal at promoters, the same approach was taken with z.thr = 5. Overlapping SMARCA4 and SMARCC1 RoEs with z.thr = 4 were used as SWI/SNF binding sites. Finally, the union of calls from the no-doxycycline and doxycycline conditions was calculated for each cell line. The last step reduces any bias that may arise in differential RoE calling from thresholds. Sequencing of two input samples (RT307 and RT308) failed because of a limited amount of available material from primary tissues. The input sample for RT230, which is also a brain rhabdoid tumor, was used for RoE calling in RT307 and RT308.
Classification of regions of enrichment on the basis of position relative to TSSs. Active TSSs were defined in a cell type as all TSSs defined in Ensembl release GRCh37.72 that overlapped an H3K4me3 peak. H3K27ac or SWI/SNF RoEs that overlapped both an H3K4me3 RoE and an active TSS were called as TSS-proximal sites. Those more than 1 kb away from an H3K4me3 RoE and more than 2 kb away from an active TSS were called as TSS-distal sites. The TSS-proximal H3K27ac RoEs are referred to as active promoters, and the TSS-distal ones are referred to as active enhancers.
Sequencing of the H3K4me3 sample failed for RT308. Active TSSs for this sample were called on the basis of the presence of strong (SPP broad enrichment call with z.thr = 5) H3K27ac RoEs overlapping Ensembl TSSs. Where H3K4me3 RoE calls were required in downstream analyses (TSS-distal/TSSproximal calls, suprt-enhancer calling), the union of H3K4me3 RoEs for the other primary rhabdoid tumor samples was substituted.
Correlation and principal-component analyses of primary rhabdoid tumor samples. The correlation analysis and principal-component analysis presented in Figure 1 and Supplementary Figure 1 were conducted using MATLAB. For H3K4me1 and H3K27ac, the read-count-normalized immunoprecipitation signal for respective modifications was calculated for each enhancer from the union of all enhancers found across the represented tissues. Similarly, for H3K4me3, the read-count-normalized immunoprecipitation signal was calculated for each promoter from the union of all promoters identified across all the represented tissues. Pearson linear correlation coefficients were calculated using the corrcoef function, and principal-component analysis used the pca function.
Clustering of primary rhabdoid tumor sample enhancers. For the heat map in Figure 1d , Cluster 3.0 (ref. 35 ) was used to perform k-means clustering with a Euclidean distance metric and Java TreeView 36 was used for visualization. The H3K27ac signal in the heat map represents the immunoprecipitation signal minus input for a ±1,500-bp window centered on the peak signal for each enhancer. Clusters of enhancers specific to brain-, kidney-, and soft-tissuederived rhabdoid tumors were then combined for GO analysis.
Immunoprecipitation efficiency correction for H3K27ac samples. The efficiency of immunoprecipitation may vary in different ChIP-seq experiments. A number of lines of evidence suggested that real levels of H3K27ac are unchanged at a large proportion of promoters upon SMARCB1 re-expression: (i) we found that a large portion of promoters showed the same amount of fold change with very small variance; (ii) the typical fold change was independent of SWI/SNF binding at promoters and was the same as at enhancers with no SWI/SNF binding; and (iii) in an accompanying study with MEFs, we observed different average fold change trends at promoters, both greater than and close to one-fold for replicates of experiments upon Smarcb1 knockout, whereas we saw consistent decrease of H3K27ac levels in immunoblots, and at enhancers. On the basis of these observations, we applied a small multiplicative factor to H3K27ac samples to set the mode of the log-transformed fold change distribution at promoters to zero while comparing doxycycline and no-doxycycline samples. These factors were as follows: G401: no doxycycline, 1.15; doxycycline, 0.86; BT16: no doxycycline, 1.11; doxycycline, 0.9; TTC549: no doxycycline, 1.00; doxycycline, 1.00. This normalization procedure does not affect the qualitative observations presented. We refrained from applying similar normalization for other ChIP-seq sample pairs because we could not confidently determine a set of regions where they were unaffected upon SMARCB1 re-expression.
Classification of regions of enrichment on the basis of differences between conditions. Changes in TSS-distal SWI/SNF binding upon SMARCB1 re-expression were evaluated at each RoE by dividing the library-size-normalized immunoprecipitation signal for SMARCC1 and SMARCA4 in the doxycycline condition by that in the no-doxycycline condition. If the geometric mean of change was greater than 1.5-fold and both factors showed increased signal, the RoE was called as 'gained/strengthened' . In reverse, if the geometric mean of change was less than 2/3-fold and both factors showed decreased signal, the RoE was called as 'lost/weakened' . Other sites were called as 'unchanged' . Sites that were called in the no-doxycycline condition and sites where the average SMARCA4 + SMARCC1 signal in the no-doxycycline condition was more than half the signal in the doxycycline condition were considered as SWI/SNF binding sites in the no-doxycycline condition (used in Fig. 3a, left) . Complementary selection was performed for SWI/SNF binding sites in the doxycycline condition (used in Fig. 3a, right) .
ChIP-seq visualization. Genomic profiles for visualization were generated using Gaussian smoothing with σ = 100 bp after library size normalization (for example, in Fig. 3c,d or output wig files) . The heat maps in Figure 4c were centered on the position with the highest signal in the smoothed profile obtained by summing the four tracks considered (no doxycycline SMARCC1, no doxycycline SMARCA4, doxycycline SMARCC1, and doxycycline SMARCA4). The heat maps show inputsubtracted values, whereas the browser shots show raw smoothed signal. The average profiles for each class in Figure 3c (for example, stable) were obtained as the 0.1-0.9 trimmed linear mean at each position. The scatterplots in Figures 3b and 4b were obtained as (total immunoprecipitation signal in the RoE per million mapped reads + pseudocount of 0.1)/(matching input + 0.1).
Identification of super-enhancers. Super-enhancers were identified with an approach slightly modified from the original method 16 . H3K27ac RoEs were called as described above. We did not remove TSS-proximal peaks but stitched all RoEs within 12.5 kb. For each stitched RoE, instead of removing false positives from stitched enhancer peaks that encompassed active TSSs, we calculated immunoprecipitation and input signals only in portions that did not intersect with H3K4me3 RoEs. This approach excludes the high H3K27ac signal found at active promoters while still allowing enhancers on either side of a promoter to be stitched. Each super-enhancer was associated with the closest active TSS, as defined above, within 300 kb. If more than one gene was similarly close to a super-enhancer (at most 50 kb further away than the closest gene), the additional genes were also included on the list of super-enhancer-associated genes.
Gene ontology analysis of enhancers with increased SWI/SNF binding. GO analysis for SMARCB1-dependent SWI/SNF enhancers was performed as follows. GO databases were downloaded from http://geneontology.org/ on 29 April 2014. Each enhancer was associated with the closest active TSS within 100 kb and within conserved topology-associated domains. P values for gene set enrichment for genes associated with enhancers overlapping a gained/strengthened SWI/SNF RoE were calculated relative to genes associated with any enhancer using hypergeometric tests. q values were obtained on the basis of the Benjamini-Hochberg procedure. The top five terms and selected developmental terms are displayed in the figures.
RNA-seq processing. Initial processing. The sequenced reads from each sample were aligned to the human genome + transcriptome assembly GRCh37.72 using TopHat (v2.0.8) 37 with default parameters except that novel junction search was turned off (-G <gtf>--no-novel-juncs). The transcriptome was self-merged to allow processing with the Cufflinks v2.1.1 tool cuffdiff 38 , 'cuffcompare -s hg19.fa -CG -r GRCh37.72.gtf GRCh37.72.gtf ' . Different conditions for a given cell line were compared using cuffdiff with default parameters and bias correction (-G <gtf> -b options).
Relating RNA-seq changes to ChIP-seq changes. Each SWI/SNF or H3K27ac RoE was associated with the closest active TSS, as defined above. The connection between change in ChIP-seq signal and change in RNA-seq signal was studied for TSS-proximal and TSS-distal RoEs separately. Only RoEs for which the closest active TSS was between 5 kb and 100 kb away were retained for the TSS-distal analysis. Change in immunoprecipitation signal was quantified as the total immunoprecipitation signal in the RoE per million mapped reads + a pseudocount of 0.1. Change in RNA signal was quantified as the normalized gene-level count value from cuffdiff + 5. The ratio of the immunoprecipitation signal for the doxycycline sample divided by that for the no-doxycycline sample was used to categorize RoEs into four groups: RoEs with more than 3-fold signal gain, RoEs with between 1.5-and 3-fold signal gain, RoEs with less than 1.5-fold signal change, and RoEs with more than 1.5-fold signal loss. The ratio of RNA-seq signal for the doxycycline sample divided by that for the no-doxycycline sample was plotted for each category.
